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Additional Supplementary Methods

Cell lines

Huh7 and A549 cells were originally obtained from ATTC and used without further authentication.  Both
cell lines were cultured in DMEM medium supplemented with 10% FBS and 50U/mL
penicillin/streptomycin. All cells were maintained at 37 °C and 5% CO2. These cell lines were not tested
for mycoplasma contamination.

In vitro luciferase expression and cell viability tests

Huh-7 or A549 cells were seeded into white 96-well plates at a density of 1x104 cells per well the day
before transfection. The media was replaced by 150 µL fresh DMEM medium (5% FBS), then 50 µL
Luc mRNA formulations were added with fixed 25 ng mRNA per well. After incubation for another 24h,
ONE-Glo + Tox kits were used to detect mRNA expression and cytotoxicity based on Promega’s
standard protocol.

Animal experiments

All animal experiments were approved by the Institution Animal Care and Use Committees of The
University of Texas Southwestern Medical Center and were consistent with local, state and federal
regulations as applicable. C57BL/6 mice were obtained from the UTSW Mouse Breeding Core Facility.
B6.Cg-Gt(ROSA)26Sortm9(CAG-tdTomato)Hze/J mice (also known as Ai9 or Ai9(RCL-tdT) mice) were
obtained from The Jackson Laboratory (007909) and bred to maintain homozygous expression of the
Cre reporter allele that has a loxP-flanked STOP cassette preventing transcription of a CAG promoter-
driven red fluorescent tdTomato protein. Following Cre-mediated recombination, Ai9 mice will express
tdTomato fluorescence. Ai9 mice are congenic on the C57BL/6J genetic background.

Statistical analyses
Data for all bar charts were plotted via mean ± standard error of the mean (s.e.m.). Statistical analyses
were performed using Prism 7 (GraphPad Software). A two-tailed unpaired t-test was used to determine
the significance of the indicated comparisons. (*P < 0.05; **P<0.01; ***P < 0.001; ****P<0.0001).

Coding sequences for mouse IL-10, human EPO, mouse Klotho ECD, Cre recombinase, and
Cas9 mRNAs:

Mouse IL-10-6Xhis

ATGCCTGGCTCAGCACTGCTATGCTGCCTGCTCTTACTGACTGGCATGAGGATCAGCAGG
GGCCAGTACAGCCGGGAAGACAATAACTGCACCCACTTCCCAGTCGGCCAGAGCCACATG
CTCCTAGAGCTGCGGACTGCCTTCAGCCAGGTGAAGACTTTCTTTCAAACAAAGGACCAG
CTGGACAACATACTGCTAACCGACTCCTTAATGCAGGACTTTAAGGGTTACTTGGGTTGCC
AAGCCTTATCGGAAATGATCCAGTTTTACCTGGTAGAAGTGATGCCCCAGGCAGAGAAGC
ATGGCCCAGAAATCAAGGAGCATTTGAACTCCCTGGGTGAGAAGCTGAAGACCCTCAGG
ATGCGGCTGAGGCGCTGTCATCGATTTCTCCCCTGTGAAAATAAGAGCAAGGCAGTGGAG
CAGGTGAAGAGTGATTTTAATAAGCTCCAAGACCAAGGTGTCTACAAGGCCATGAATGAA
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TTTGACATCTTCATCAACTGCATAGAAGCATACATGATGATCAAAATGAAAAGCGGCGGC
TCTCACCACCACCATCACCACTAA

Human EPO
ATGGGGGTGCACGAATGTCCTGCCTGGCTGTGGCTTCTCCTGTCCCTGCTGTCGCTCCCTC
TGGGCCTCCCAGTCCTGGGCGCCCCACCACGCCTCATCTGTGACAGCCGAGTCCTGGAGA
GGTACCTCTTGGAGGCCAAGGAGGCCGAGAATATCACGACGGGCTGTGCTGAACACTGCA
GCTTGAATGAGAATATCACTGTCCCAGACACCAAAGTTAATTTCTATGCCTGGAAGAGGA
TGGAGGTCGGGCAGCAGGCCGTAGAAGTCTGGCAGGGCCTGGCCCTGCTGTCGGAAGCTG
TCCTGCGGGGCCAGGCCCTGTTGGTCAACTCTTCCCAGCCGTGGGAGCCCCTGCAGCTGC
ATGTGGATAAAGCCGTCAGTGGCCTTCGCAGCCTCACCACTCTGCTTCGGGCTCTGGGAG
CCCAGAAGGAAGCCATCTCCCCTCCAGATGCGGCCTCAGCTGCTCCACTCCGAACAATCA
CTGCTGACACTTTCCGCAAACTCTTCCGAGTCTACTCCAATTTCCTCCGGGGAAAGCTGAA
GCTGTACACAGGGGAGGCCTGCAGGACAGGGGACAGATGA

Mouse Klotho ExtraCellular Domain (ECD)-6Xhis
ATGCTAGCCCGCGCCCCTCCTCGCCGCCCGCCGCGGCTGGTGCTGCTCCGTTTGCTGTTGC
TGCATCTGCTGCTGCTCGCCCTGCGCGCCCGCTGCCTGAGCGCTGAGCCGGGTCAGGGCG
CGCAGACCTGGGCTCGCTTCGCGCGCGCTCCTGCCCCAGAGGCCGCTGGCCTCCTCCACG
ACACCTTCCCCGACGGTTTCCTCTGGGCGGTAGGCAGCGCCGCCTATCAGACCGAGGGCG
GCTGGCGACAGCACGGCAAAGGCGCGTCCATCTGGGACACTTTCACCCATCACTCTGGGG
CGGCCCCGTCCGACTCCCCGATCGTCGTGGCGCCGTCGGGTGCCCCGTCGCCTCCCCTGTC
CTCCACTGGAGATGTGGCCAGCGATAGTTACAACAACGTCTACCGCGACACAGAGGGGCT
GCGCGAACTGGGGGTCACCCACTACCGCTTCTCCATATCGTGGGCGCGGGTGCTCCCCAA
TGGCACCGCGGGCACTCCCAACCGCGAGGGGCTGCGCTACTACCGGCGGCTGCTGGAGCG
GCTGCGGGAGCTGGGCGTGCAGCCGGTGGTTACCCTGTACCATTGGGACCTGCCACAGCG
CCTGCAGGACACCTATGGCGGATGGGCCAATCGCGCCCTGGCCGACCATTTCAGGGATTA
TGCCGAGCTCTGCTTCCGCCACTTCGGTGGTCAGGTCAAGTACTGGATCACCATTGACAAC
CCCTACGTGGTGGCCTGGCACGGGTATGCCACCGGGCGCCTGGCCCCGGGCGTGAGGGGC
AGCTCCAGGCTCGGGTACCTGGTTGCCCACAACCTACTTTTGGCTCATGCCAAAGTCTGGC
ATCTCTACAACACCTCTTTCCGCCCCACACAGGGAGGCCGGGTGTCTATCGCCTTAAGCTC
CCATTGGATCAATCCTCGAAGAATGACTGACTATAATATCAGAGAATGCCAGAAGTCTCT
TGACTTTGTGCTAGGCTGGTTTGCCAAACCCATATTTATTGATGGCGACTACCCAGAGAGT
ATGAAGAACAACCTCTCGTCTCTTCTGCCTGATTTTACTGAATCTGAGAAGAGGCTCATCA
GAGGAACTGCTGACTTTTTTGCTCTCTCCTTCGGACCAACCTTGAGCTTTCAGCTATTGGA
CCCTAACATGAAGTTCCGCCAATTGGAGTCTCCCAACCTGAGGCAGCTTCTGTCTTGGATA
GATCTGGAATATAACCACCCTCCCATATTTATTGTGGAAAATGGCTGGTTTGTCTCGGGAA
CCACCAAAAGGGATGATGCCAAATATATGTATTATCTCAAGAAGTTCATAATGGAAACCT
TAAAAGCAATCAGACTGGATGGGGTCGACGTCATTGGGTACACCGCGTGGTCGCTCATGG
ACGGTTTCGAGTGGCATAGGGGCTACAGCATCCGGCGAGGACTCTTCTACGTTGACTTTCT
GAGTCAGGACAAGGAGCTGTTGCCAAAGTCTTCGGCCTTGTTCTACCAAAAGCTGATAGA
GGACAATGGCTTTCCTCCTTTACCTGAAAACCAGCCCCTTGAAGGGACATTTCCCTGTGAC
TTTGCTTGGGGAGTTGTTGACAACTACGTTCAAGTGGACACTACTCTCTCTCAGTTTACTG
ACCCGAATGTCTATCTGTGGGATGTGCATCACAGTAAGAGGCTTATTAAAGTAGACGGGG
TTGTAGCCAAGAAGAGAAAACCTTACTGTGTTGATTTCTCTGCCATCCGGCCTCAGATAAC
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CTTACTTCGAGAAATGCGGGTCACCCACTTTCGCTTCTCCCTGGACTGGGCCCTGATCTTG
CCTCTGGGTAACCAGACCCAAGTGAACCACACGGTTCTGCACTTCTACCGCTGCATGATC
AGCGAGCTGGTGCACGCCAACATCACTCCAGTGGTGGCCCTGTGGCAGCCAGCAGCCCCG
CACCAAGGCCTGCCACATGCCCTTGCAAAACATGGGGCCTGGGAGAACCCGCACACTGCT
CTGGCGTTTGCAGACTACGCAAACCTGTGTTTTAAAGAGTTGGGTCACTGGGTCAATCTCT
GGATCACCATGAACGAGCCAAACACACGGAACATGACCTATCGTGCCGGGCACCACCTCC
TGAGAGCCCATGCCTTGGCTTGGCATCTGTACGATGACAAGTTTAGGGCGGCTCAGAAAG
GCAAAATATCCATCGCCTTGCAGGCTGACTGGATAGAACCGGCCTGCCCTTTCTCTCAAA
ATGACAAAGAAGTGGCCGAGAGAGTTTTGGAATTTGATATAGGCTGGCTGGCAGAGCCTA
TTTTTGGTTCCGGAGATTATCCACGTGTGATGAGGGACTGGCTGAACCAAAAAAACAATT
TTCTTTTGCCCTATTTCACCGAAGATGAAAAAAAGCTAGTCCGGGGTTCCTTTGACTTCCT
GGCGGTGAGTCATTACACCACCATTCTGGTAGACTGGGAAAAGGAGGATCCGATGAAATA
CAACGATTACTTGGAGGTACAGGAGATGACTGACATCACATGGCTCAACTCTCCCAGTCA
GGTGGCAGTGGTGCCTTGGGGGCTGCGCAAAGTGCTCAACTGGCTAAGGTTCAAGTACGG
AGACCTCCCGATGTATGTGACAGCCAATGGAATCGATGATGACCCCCACGCCGAGCAAGA
CTCACTGAGGATCTATTATATTAAGAATTATGTGAATGAGGCTCTGAAAGCCTACGTGTTG
GACGACATCAACCTTTGTGGCTACTTTGCGTATTCACTTAGTGATCGCTCAGCTCCCAAGT
CTGGCTTTTATCGATATGCTGCGAATCAGTTTGAGCCCAAACCATCTATGAAACATTACAG
GAGAATTATTGACAGCAATGGCTTCCTGGGTTCTGGAACACTGGGAAGGTTTTGTCCAGA
AGAATACACTGTGTGCACCGAATGTGGATTTTTTCAAACCCGGAAGGGCGGCTCTCACCA
CCACCATCACCACTAA

NLS-Cre:

ATGCCCAAGAAGAAGAGGAAGGTGGCCAATTTACTGACCGTACACCAAAATTTGCCTGCA
TTACCGGTCGATGCAACGAGTGATGAGGTTCGCAAGAACCTGATGGACATGTTCAGGGAT
CGCCAGGCGTTTTCTGAGCATACCTGGAAAATGCTTCTGTCCGTTTGCCGGTCGTGGGCGG
CATGGTGCAAGTTGAATAACCGGAAATGGTTTCCCGCAGAACCTGAAGATGTTCGCGATT
ATCTTCTATATCTTCAGGCGCGCGGTCTGGCAGTAAAAACTATCCAGCAACATTTGGGCCA
GCTAAACATGCTTCATCGTCGGTCCGGGCTGCCACGACCAAGTGACAGCAATGCTGTTTC
ACTGGTTATGCGGCGTATCCGAAAAGAAAACGTTGATGCCGGTGAACGTGCAAAACAGG
CTCTAGCGTTCGAACGCACTGATTTCGACCAGGTTCGTTCACTCATGGAAAATAGCGATCG
CTGCCAGGATATACGTAATCTGGCATTTCTGGGGATTGCTTATAACACCCTGTTACGTATA
GCCGAAATTGCCAGGATCAGGGTTAAAGATATCTCACGTACTGACGGTGGGAGAATGTTA
ATCCATATTGGCAGAACGAAAACGCTGGTTAGCACCGCAGGTGTAGAGAAGGCACTTAGC
CTGGGGGTAACTAAACTGGTCGAGCGATGGATTTCCGTCTCTGGTGTAGCTGATGATCCG
AATAACTACCTGTTTTGCCGGGTCAGAAAAAATGGTGTTGCCGCGCCATCTGCCACCAGC
CAGCTATCAACTCGCGCCCTGGAAGGGATTTTTGAAGCAACTCATCGATTGATTTACGGC
GCTAAGGATGACTCTGGTCAGAGATACCTGGCCTGGTCTGGACACAGTGCCCGTGTCGGA
GCCGCGCGAGATATGGCCCGCGCTGGAGTTTCAATACCGGAGATCATGCAAGCTGGTGGC
TGGACCAATGTAAATATTGTCATGAACTATATCCGTAACCTGGATAGTGAAACAGGGGCA
ATGGTGCGCCTGCTGGAAGATGGCGATTAA

SV40 NLS-Cas9-Nucleoplasmin NLS:

ATGGCCCCAAAGAAGAAGCGGAAGGTCGGTATCCACGGAGTCCCAGCAGCCGACAAGAA
GTACAGCATCGGCCTGGACATCGGCACCAACTCTGTGGGCTGGGCCGTGATCACCGACGA
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GTACAAGGTGCCCAGCAAGAAATTCAAGGTGCTGGGCAACACCGACCGGCACAGCATCA
AGAAGAACCTGATCGGAGCCCTGCTGTTCGACAGCGGCGAAACAGCCGAGGCCACCCGG
CTGAAGAGAACCGCCAGAAGAAGATACACCAGACGGAAGAACCGGATCTGCTATCTGCA
AGAGATCTTCAGCAACGAGATGGCCAAGGTGGACGACAGCTTCTTCCACAGACTGGAAG
AGTCCTTCCTGGTGGAAGAGGATAAGAAGCACGAGCGGCACCCCATCTTCGGCAACATCG
TGGACGAGGTGGCCTACCACGAGAAGTACCCCACCATCTACCACCTGAGAAAGAAACTG
GTGGACAGCACCGACAAGGCCGACCTGCGGCTGATCTATCTGGCCCTGGCCCACATGATC
AAGTTCCGGGGCCACTTCCTGATCGAGGGCGACCTGAACCCCGACAACAGCGACGTGGAC
AAGCTGTTCATCCAGCTGGTGCAGACCTACAACCAGCTGTTCGAGGAAAACCCCATCAAC
GCCAGCGGCGTGGACGCCAAGGCCATCCTGTCTGCCAGACTGAGCAAGAGCAGACGGCT
GGAAAATCTGATCGCCCAGCTGCCCGGCGAGAAGAAGAATGGCCTGTTCGGAAACCTGAT
TGCCCTGAGCCTGGGCCTGACCCCCAACTTCAAGAGCAACTTCGACCTGGCCGAGGATGC
CAAACTGCAGCTGAGCAAGGACACCTACGACGACGACCTGGACAACCTGCTGGCCCAGA
TCGGCGACCAGTACGCCGACCTGTTTCTGGCCGCCAAGAACCTGTCCGACGCCATCCTGCT
GAGCGACATCCTGAGAGTGAACACCGAGATCACCAAGGCCCCCCTGAGCGCCTCTATGAT
CAAGAGATACGACGAGCACCACCAGGACCTGACCCTGCTGAAAGCTCTCGTGCGGCAGC
AGCTGCCTGAGAAGTACAAAGAGATTTTCTTCGACCAGAGCAAGAACGGCTACGCCGGCT
ACATTGACGGCGGAGCCAGCCAGGAAGAGTTCTACAAGTTCATCAAGCCCATCCTGGAAA
AGATGGACGGCACCGAGGAACTGCTCGTGAAGCTGAACAGAGAGGACCTGCTGCGGAAG
CAGCGGACCTTCGACAACGGCAGCATCCCCCACCAGATCCACCTGGGAGAGCTGCACGCC
ATTCTGCGGCGGCAGGAAGATTTTTACCCATTCCTGAAGGACAACCGGGAAAAGATCGAG
AAGATCCTGACCTTCCGCATCCCCTACTACGTGGGCCCTCTGGCCAGGGGAAACAGCAGA
TTCGCCTGGATGACCAGAAAGAGCGAGGAAACCATCACCCCCTGGAACTTCGAGGAAGT
GGTGGACAAGGGCGCTTCCGCCCAGAGCTTCATCGAGCGGATGACCAACTTCGATAAGAA
CCTGCCCAACGAGAAGGTGCTGCCCAAGCACAGCCTGCTGTACGAGTACTTCACCGTGTA
TAACGAGCTGACCAAAGTGAAATACGTGACCGAGGGAATGAGAAAGCCCGCCTTCCTGA
GCGGCGAGCAGAAAAAGGCCATCGTGGACCTGCTGTTCAAGACCAACCGGAAAGTGACC
GTGAAGCAGCTGAAAGAGGACTACTTCAAGAAAATCGAGTGCTTCGACTCCGTGGAAATC
TCCGGCGTGGAAGATCGGTTCAACGCCTCCCTGGGCACATACCACGATCTGCTGAAAATT
ATCAAGGACAAGGACTTCCTGGACAATGAGGAAAACGAGGACATTCTGGAAGATATCGT
GCTGACCCTGACACTGTTTGAGGACAGAGAGATGATCGAGGAACGGCTGAAAACCTATGC
CCACCTGTTCGACGACAAAGTGATGAAGCAGCTGAAGCGGCGGAGATACACCGGCTGGG
GCAGGCTGAGCCGGAAGCTGATCAACGGCATCCGGGACAAGCAGTCCGGCAAGACAATC
CTGGATTTCCTGAAGTCCGACGGCTTCGCCAACAGAAACTTCATGCAGCTGATCCACGAC
GACAGCCTGACCTTTAAAGAGGACATCCAGAAAGCCCAGGTGTCCGGCCAGGGCGATAG
CCTGCACGAGCACATTGCCAATCTGGCCGGCAGCCCCGCCATTAAGAAGGGCATCCTGCA
GACAGTGAAGGTGGTGGACGAGCTCGTGAAAGTGATGGGCCGGCACAAGCCCGAGAACA
TCGTGATCGAAATGGCCAGAGAGAACCAGACCACCCAGAAGGGACAGAAGAACAGCCGC
GAGAGAATGAAGCGGATCGAAGAGGGCATCAAAGAGCTGGGCAGCCAGATCCTGAAAGA
ACACCCCGTGGAAAACACCCAGCTGCAGAACGAGAAGCTGTACCTGTACTACCTGCAGAA
TGGGCGGGATATGTACGTGGACCAGGAACTGGACATCAACCGGCTGTCCGACTACGATGT
GGACCATATCGTGCCTCAGAGCTTTCTGAAGGACGACTCCATCGACAACAAGGTGCTGAC
CAGAAGCGACAAGAACCGGGGCAAGAGCGACAACGTGCCCTCCGAAGAGGTCGTGAAGA
AGATGAAGAACTACTGGCGGCAGCTGCTGAACGCCAAGCTGATTACCCAGAGAAAGTTC
GACAATCTGACCAAGGCCGAGAGAGGCGGCCTGAGCGAACTGGATAAGGCCGGCTTCAT
CAAGAGACAGCTGGTGGAAACCCGGCAGATCACAAAGCACGTGGCACAGATCCTGGACT
CCCGGATGAACACTAAGTACGACGAGAATGACAAGCTGATCCGGGAAGTGAAAGTGATC
ACCCTGAAGTCCAAGCTGGTGTCCGATTTCCGGAAGGATTTCCAGTTTTACAAAGTGCGC
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GAGATCAACAACTACCACCACGCCCACGACGCCTACCTGAACGCCGTCGTGGGAACCGCC
CTGATCAAAAAGTACCCTAAGCTGGAAAGCGAGTTCGTGTACGGCGACTACAAGGTGTAC
GACGTGCGGAAGATGATCGCCAAGAGCGAGCAGGAAATCGGCAAGGCTACCGCCAAGTA
CTTCTTCTACAGCAACATCATGAACTTTTTCAAGACCGAGATTACCCTGGCCAACGGCGAG
ATCCGGAAGCGGCCTCTGATCGAGACAAACGGCGAAACCGGGGAGATCGTGTGGGATAA
GGGCCGGGATTTTGCCACCGTGCGGAAAGTGCTGAGCATGCCCCAAGTGAATATCGTGAA
AAAGACCGAGGTGCAGACAGGCGGCTTCAGCAAAGAGTCTATCCTGCCCAAGAGGAACA
GCGATAAGCTGATCGCCAGAAAGAAGGACTGGGACCCTAAGAAGTACGGCGGCTTCGAC
AGCCCCACCGTGGCCTATTCTGTGCTGGTGGTGGCCAAAGTGGAAAAGGGCAAGTCCAAG
AAACTGAAGAGTGTGAAAGAGCTGCTGGGGATCACCATCATGGAAAGAAGCAGCTTCGA
GAAGAATCCCATCGACTTTCTGGAAGCCAAGGGCTACAAAGAAGTGAAAAAGGACCTGA
TCATCAAGCTGCCTAAGTACTCCCTGTTCGAGCTGGAAAACGGCCGGAAGAGAATGCTGG
CCTCTGCCGGCGAACTGCAGAAGGGAAACGAACTGGCCCTGCCCTCCAAATATGTGAACT
TCCTGTACCTGGCCAGCCACTATGAGAAGCTGAAGGGCTCCCCCGAGGATAATGAGCAGA
AACAGCTGTTTGTGGAACAGCACAAGCACTACCTGGACGAGATCATCGAGCAGATCAGCG
AGTTCTCCAAGAGAGTGATCCTGGCCGACGCTAATCTGGACAAAGTGCTGTCCGCCTACA
ACAAGCACCGGGATAAGCCCATCAGAGAGCAGGCCGAGAATATCATCCACCTGTTTACCC
TGACCAATCTGGGAGCCCCTGCCGCCTTCAAGTACTTTGACACCACCATCGACCGGAAGA
GGTACACCAGCACCAAAGAGGTGCTGGACGCCACCCTGATCCACCAGAGCATCACCGGCC
TGTACGAGACACGGATCGACCTGTCTCAGCTGGGAGGCGACAAAAGGCCGGCGGCCACG
AAAAAGGCCGGCCAGGCAAAAAAGAAAAAGTAA
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Supplementary Figures

Supplementary Fig. 1 | RNA-loaded DOTAP and 18PA SORT LNPs were formed using the ethanol
dilution. a, Details of DOTAP and 18PA SORT LNPs, including molar ratios, molar percentages, weight
ratios of total lipid to mRNA, sizes, PDI and zeta potentials. b, LNPs were formulated using a modified
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ethanol dilution method. SORT lipids are included in the ethanol phase and sgRNA/mRNA are
encapsulated during LNP formation. c, The chemical structures of lipids used in standard mDLNP and
DOTAP / 18PA SORT formulations are shown. For the development of SORT, we focused on a
degradable dendrimer-based ionizable cationic lipid named 5A2-SC8 used in LNPs that can deliver
siRNAs/miRNAs to extend survival in a genetically engineered mouse model of MYC-driven liver
cancer 1-3 and toggle polyploidy in the liver. We further focused on an LNP molar composition that was
optimized for mRNA delivery to the liver named mDLNPs 4. This liver-targeted base mRNA formulation
of 5A2-SC8 / DOPE / Cholesterol / DMG-PEG2000 = 15/15/30/3 (mol) were prepared and
supplemented with SORT lipids to prepare SORT LNPs (details in a). For the sake of further clarity, we
note that traditional 4-component LNPs are composed of ionizable cationic lipids (herein defined as
containing an amino group with pKa <8), zwitterionic phospholipids (defined as a lipid bearing equal
number of positive and negative charges), cholesterol, and poly(ethylene glycol) (PEG) lipids (most
commonly, PEG2000-DMG). SORT LNPs include a 5th lipid, such as a permanently cationic lipid
(defined as positively charged without pKa or pKa >8) or a permanently anionic lipid (defined as
negatively charged).

Supplementary Fig. 2 | DOTAP SORT LNPs effectively delivered Luc mRNA into cells. In vitro
Luciferase (Luc) mRNA delivery results for DOTAP-modified SORT mDLNPs in (a) Huh-7 liver cells
and (b) A549 lung cells as a function of the incorporated DOTAP percentage. Luc mRNA delivery
results showed that LNPs with DOTAP percentages of 5%-50% delivered the most mRNA in both Huh-
7 liver cells and A549 lung cells. SORT LNPs with 10% DOTAP were much more efficacious in vitro
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than the previously reported base mDLNP. No appreciable cytotoxicity was observed for any
formulation and all were uniform (low PDI) with diameters ranging from 90 nm to 150 nm
(Supplementary Fig. 1). Measurements of surface charge revealed that DOTAP was encapsulated inside
together with mRNA and not on the LNP surface as the zeta potentials were close to 0 when DOTAP
was less than 60%. The surface charge became positive only at percentages above 65% (Supplementary
Fig. 1), revealing that PEG lipid-coated SORT LNPs with selective tissue tropism could be discovered
that possess a near neutral surface charge, which is an important attribute for clinical translation. Cells
were seeded into 96-well plates at a density of 1X104 cells per well the day before transfection. Luc
mRNA expression and cell viability were measured at 24h post treatment with the dose of 50 ng/well
Luc mRNA. Data was presented as mean±s.e.m. (n=4 biologically independent samples).

Supplementary Fig. 3 | Results showing relative luciferase expression in each organ demonstrated
that fractional expression could be predictably tuned. 0.1 mg/kg Luc mRNA, IV, 6h. Data are
presented as mean±s.e.m. (n=4 biologically independent animals).
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Supplementary Fig.  4 |  SORT was applied into MC3 LNPs and C12-200 LNPs to achieve tissue
specific mRNA delivery in vivo. The chemical structures of lipids used in (a) DLin-MC3-DMA
SNALPS 5 and (b) C12-200 LLNPs 6 are shown. Liver-targeted base mRNA formulations of DLin-MC3-
DMA / DSPC / Cholesterol / DMG-PEG2000 = 50/10/38.5/1.5 (mol) and C12-200 / DOPE / Cholesterol
/ DMG-PEG2000 = 35/16/46.5/2.5 (mol) were prepared and later supplemented with SORT lipids to
prepare SORT LNPs. (c) Table and results of additional SORT formulations using DLin-MC3-DMA
and C12-200. The weight ratio of total lipids / mRNA was 20/1 (wt/wt) for all DLin-MC3-DMA and
C12-200 LNPs. Note that some data from Fig. 1f have been reproduced here to show the Luciferase
expression trend as a percentage of included SORT lipid (n=3 biologically independent animals).
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Supplementary Fig. 5 | SORT was applied to utilize ionizable cationic lipids as SORT lipids to
further enhance mDLNP liver delivery. a, Schematic illustration of SORT. b, 5A2-SC8 was used as
a SORT lipid, essentially supplementing base the mRNA mDLNP formulation (5A2-SC8 / DOPE /
Cholesterol / DMG-PEG2000 = 15/15/30/3 (mol)) with additional 5A2-SC8 using the SORT method.
Ex vivo luciferase images and quantified data showed that mRNA delivery potency was dramatically
improved when an extra 15% - 25% SORT lipid was added. Maximal expression was produced with
20% incorporation (0.05 mg/kg, 6h). SORT thus allowed development of a 2nd generation mDLNP with
increased efficacy. Data are presented as mean±s.e.m. (n=4 biologically independent animals).
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Supplementary Fig. 6 | Zwitterionic SORT lipids improved mRNA spleen targeting delivery.
Inclusion of zwitterionic SORT lipids into liver-targeted mDLNPs altered expression from the liver to
the spleen with increasing incorporation of the SORT lipid. 80% DSPC and 50% DOCPe SORT LNPs
delivered mRNA exclusively to the spleen after IV injection. a, Schematic illustration of SORT method.
b, Ex vivo images of luminescence in major organs at 6h post IV injection. DSPC and DOCPe,
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zwitterionic lipids with different structures, improved Luc mRNA delivery into spleen with increased
percentages (0.1 mg/kg, 6h, n=4 biologically independent animals).

Supplementary Fig. 7 | SORT presented a potential strategy to “activate” inactive LNP
formulations. a, Schematic illustration of supplementing an inactive C1 formulation with a SORT lipid
to test if SORT can endow activity. b, The detailed information of C1 LNPs (inactive LNPs) and DOTAP
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(or DODAP) C1 SORT LNPs, including lipid molar ratios, molar percentages, weight ratios of total
lipids to mRNA, sizes, and PDI. C1 LNPs were prepared in a way that allowed for mRNA encapsulation
and favorable biophysical properties (uniform <200 nm size). However, no protein expression at all
resulted following IV injection of C1 LNPs. Thus, we asked if SORT could “activate” dead LNPs.
DODAP and DOTAP SORT lipids were evaluated. DODAP@C1 LNPs delivered mRNA into spleen
and liver, and DOTAP@C1 LNPs delivered mRNA into lung and spleen (0.1 mg/kg, 6h, n=4
biologically independent animals). Therefore, we show that SORT can activate dead LNPs and provide
tissue selectivity.

Supplementary Fig. 8 | Inclusion of an ionizable lipid (e.g. 5A2-SC8) was required for efficacy.
LNPs that contained SORT lipids, but no ionizable cationic lipids were inactive. a, Schematic illustration
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of SORT C2 LNPs. b, Details of C2 and SORT lipids C2 LNPs. Ex vivo luciferase images showed that
both DODAP and DOTAP failed to enable significant mRNA delivery of C2 LNPs. These results
indicate that the ionizable amino lipid is required for successful mRNA delivery (0.1 mg/kg, 6h, n=4
biologically independent animals).

Supplementary Fig. 9 | SORT LNPs enabled dose-responsive Luc mRNA delivery efficacy in
specific organs. Lung (50% DOTAP), spleen (30% 18PA) and liver (20% DODAP) SORT LNPs with
various mRNA doses (0.02 to 0.5 mg/kg) were I.V. injected into mice, then whole body and organs were
imaged at 6 hours. For all three formulations, Luciferase production is dose responsive. Notably, the
organ specificity is precise and is the same at all doses. Data are presented as mean±s.e.m. (n=3
biologically independent animals).
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Supplementary Fig. 10 | Tissue specific mRNA delivery of SORT LNPs is not dependent on time.
Lung (50% DOTAP, 0.1 mg/kg), spleen (30% 18PA, 0.1 mg/kg) and liver (20% DODAP, 0.05 mg/kg)
SORT LNPs were I.V. injected into mice, then whole body and organs were imaged at 3h, 8h, and 24h.
Luciferase production was occurs quickly and was maintained in specific organs over all three time-
points, suggesting the tissue specific mRNA delivery by SORT LNPs is not time dependent. Data are
presented as mean±s.e.m. (n=3 biologically independent animals).

Supplementary Fig. 11 | SORT LNPs enabled Luc mRNA delivery efficacy in specific organs.
Luminescence expression was normalized to (a) weight of tissue and (b) total protein. Base mDLNP,
lung (50% DOTAP), spleen (30% 18PA) and liver (20% DODAP) SORT LNPs were injected IV into
mice (0.1 mg/kg mRNA). After 6 hours, tissues were collected and homogenized for luminescence
detection. Relative luciferase expression was calculated based on weight of tissue and total protein. Data
are presented as mean±s.e.m. (n=4 biologically independent animals).
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Supplementary Fig. 12| SORT LNPs maintained stability and delivery efficacy after storage. Base
mDLNPs, lung SORT LNPs (50% DOTAP), spleen SORT LNPs (30% 18PA), and liver SORT LNPs
(20% DODAP) were formed and stored at 4 °C. Using dynamic light scattering (DLS) and the Ribogreen
assay, size (a, b),  PDI (c), and encapsulation efficiency (EE) (d) were monitored every day over one
week. (e) Following storage for 7 days at 4 °C, LNPs were administer intravenously (IV) to C57BL/6
mice to evaluate in vivo Luc mRNA delivery efficacy (0.1 mg/kg Luc mRNA, n=3 biologically
independent animals). Whole body and organs were imaged by IVIS at the 6 hour time point. SORT
LNPs maintained mRNA delivery efficacy following storage. The results of a-d were obtained from n=3
biologically independent samples. Data of b-d were presented as mean±s.e.m.
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Supplementary Fig. 13 | 20% DODAP SORT LNPs effectively delivered hEPO mRNA and Klotho
mRNA in vivo. a, Scheme for mRNA delivery of secreted proteins. b, Serum hEPO was quantified by
ELISA following IV administration of 0.3 mg/kg hEPO mRNA in 20% DODAP SORT LNPs. High
levels of hEPO expression persisted for > one week. Data were presented as mean±s.e.m. (n=3
biologically independent animals). c, Serum Klotho was quantified by ELISA in serum following IV
administration of mouse Klotho mRNA (coding ECD) in liver-specific SORT LNPs (20% DODAP).
High levels of Klotho expression were observed in 6h and 24h following administration of 0.1 and 0.5
mg/kg mRNA (n=2 biologically independent animals).
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Supplementary Fig. 14 | mRNA-loaded lung-, spleen-, and liver-specific SORT LNPs were well-
tolerated in vivo. Mice were IV administrated at an injected dose higher than needed for therapeutic
benefit. Groups included SORT LNP formulations containing mCherry mRNA (1 mg/kg, IV),
lipopolysaccharide (LPS, IP) as a positive control, and PBS (IV) as negative control. Mice were injected
(a) once and (b,  c) twice (day 0 and day 3). At 24 and 48 hours after the last injection, serum was
separated, kidney function (BUN and CREA), liver function (AST and ALT), and serum cytokines (IL-
1βand TNF-α) were evaluated. LPS injected animals exhibited severe kidney and liver injury at detected
time-points. There were no significant differences between the SORT LNP and PBS groups. Data are
presented as mean±s.e.m. (n=4 biologically independent animals). A two-tailed unpaired t-test was used
to determine the significance of the indicated comparisons (*P < 0.05; **P<0.01; ***P < 0.001;
****P<0.0001).
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Supplementary Fig. 15 | mRNA-loaded lung-, spleen-, and liver-specific SORT LNPs were well-
tolerated in vivo. Mice were IV administrated at an injected dose higher than needed for therapeutic
benefit. Groups included SORT LNP formulations containing mCherry mRNA (1 mg/kg, IV, single
dosing), lipopolysaccharide (LPS, 5 mg/kg, IP) as a positive control, and PBS (IV) as negative control
(n=4 biologically independent animals). After 48 hours, tissue sections of heart, liver, spleen, lung and
kidney were prepared for H&E staining. LPS injected animals exhibited significant injury in multiple
organs (arrows indicated), but no obvious injury was observed in SORT LNP groups. Scale bar = 100
μm.
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Supplementary Fig. 16 | B6.Cg-Gt(ROSA)26Sortm9(CAG-tdTomato)Hze/J (Ai9) mice exhibit some
autofluorescence in the absorption region for TdTom. Moreover, there is a large difference for
TdTom autofluorescence among different organs. Liver and kidney show the highest signal and spleen
shows the lowest. Although this does not interfere with detection of editing in most organs (when the
excitation settings are properly adjusted to eliminate background), it does complicate detection of spleen
TdTom expression because background spleen is so much lower than other organs. Therefore, inaccurate
conclusions can be reached for low levels of spleen editing when the experiment is not properly
controlled. Notably, no significant difference was observed between PBS group and SORT LNPs (Luc
mRNA) treated groups in all tested organs. Data are presented as mean±s.e.m. (n=3 biologically
independent animals).
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Supplementary Fig. 17 | 20% DODAP SORT LNPs achieved nearly 100% TdTom editing in
hepatocytes administration of a single 0.3 mg/kg Cre mRNA dose. As shown in the flow cytometry
histogram, there is full separation between TdTom- control mice and TdTom+ 20% DODAP treated
mice. After liver perfusion, the resected livers of mice treated with 20% DODAP SORT LNPs were
surprisingly bright red compared to control livers. Even without fluorescence excitation, the livers
glowed red due to complete activation of TdTom expression. TdTom mice were injected with 0.3 mg/kg
Cre mRNA, then sacrificed after two days (n=3 biologically independent animals). Hepatocytes were
isolated by two-step collagenase perfusion and TdTom fluorescence was analyzed by flow cytometry.
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Supplementary Fig. 18 | The FACS gating strategy for analysis of TdTom+ expression in lung cells
is described. See Experimental Section for a description of the antibodies used. Ghost Red 780 was used
to distinguish live and dead cells. EpCam+ was used to define epithelial cells, CD45+ and CD31- were
used to define immune cells, and CD45- and CD31+ were used to define endothelial cells. Gates for Td-
Tom+ in cell types were drawn based on PBS injected control mice. Td-Tom mice were injected with
Cre mRNA formulations and Td-Tom+ in given cell types was detected by flow after two days (n=3).
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Supplementary Fig. 19 | The FACS gating strategy for analysis of TdTom+ expression in splenic
cells is described. See Experimental Section for a description of the antibodies used. Ghost Red 780
was used to distinguish live and dead cells. CD44+ was used to distinguish immune cells, then CD3+
and CD11b- were used for T cells, CD3- and CD11b+ were used for macrophage cells, CD19+ and
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CD11b-  were  used  for  B  cells.  Gates  for  Td-Tom+  in  cell  types  were  drawn  based  on  PBS  injected
control mice. Td-Tom mice were injected with Cre mRNA formulations and Td-Tomato+ in given cell
types was detected by flow after two days (n=3).

Supplementary Fig. 20 | High quality of IVT Cas9 mRNA was verified by western blot. 293T cells
were seeded in 12-well plate the day before transfection, cells were treated for 24h by each condition
before performing western blot. Cas9 pDNA was delivered by Lipofectamine 2000 and mRNAs were
delivered by mDLNPs. The result was repeated three times independently with similar results.
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Supplementary Fig. 21 | Lower weight ratios of IVT Cas9 mRNA to sgTom1 improved gene editing
efficacy. Weight ratios of Cas9 mRNA and sgRNA were optimized via co-delivery strategy. a,
Schematic illustration shows that co-delivery of Cas9 mRNA and sgTom1 activates Td-Tom expression
in transgenic mouse. b, Td-Tom fluorescence of major organs was imaged at day 7 after IV injection,
indicating that 2/1 of Cas9/sgTom1 (wt/wt) was optimal. The total RNA dose was 1 mg/kg, IVT Cas9
mRNA and modified sgTom1 were co-encapsulated by mDLNPs (n=3 biologically independent
animals).
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Supplementary Fig. 22 | CRISPR/Cas gene editing in the spleen was achieved in both Td-Tom
transgenic mice and wild type C57/BL6 mice by co-delivering Cas9 mRNA and sgRNA. a,
Schematic illustration shows that co-delivery of Cas9 mRNA and sgTom1 activates Td-Tom expression
in Td-Tom mice. b, Td-Tom expression was induced in the spleen and liver by the spleen-targeted
formulation 30% 18PA SORT LNP. Td-Tom fluorescence of main organs was detected at day 2 after IV
treatment with co-delivery of Cas9 mRNA and modified sgTom1 (2/1, wt/wt) at the total doses of 4
mg/kg. Data are presented as mean±s.e.m. (n=3 biologically independent animals). c, T7E1 assay
indicated that PTEN editing of liver and spleen was obtained by co-delivery of Cas9 mRNA (IVT) and
sgPTEN. C57/BL6 mice were IV injected with 30% 18PA SORT LNPs at total dose of 4 mg/kg (Cas9
mRNA/sgPTEN, 2/1, wt/wt), and PTEN editing was detected at day 2 (n = 3 biologically independent
animals).
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Supplementary Fig. 23 | No off-target editing was detected following SORT LNP delivery of
sgPTEN. The Cas-OFFinder webtool was employed to predict likely off-target editing sites for PTEN
7. Eight potential targeted positions were amplified by PCR, then analyzed by T7E1 assay. On-target
PCR amplicons showed clear cleavage bands by T7E1 enzyme digestion, but nothing for all tested off-
target positions. The result was repeated three times independently with similar results.
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Supplementary Fig. 24 | No off-target editing was detected following SORT LNP delivery of
sgPTEN. The Cas-OFFinder webtool was employed to predict likely off-target editing sites for PTEN
7. Eight potential targeted positions were amplified by PCR, then analyzed by T7E1 assay and Sanger
sequencing. Sequencing data showed clear and uniform peaks around potential cleavage sites, suggesting
no Indels formation.
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Supplementary Fig. 25 | 20% DODAP SORT LNPs mediated effective PCSK9 editing in liver. a,
Wild type C57BL/6 mice were IV injected three times (day 0, day 2, and day 4) by co-delivery of Cas9
mRNA and modified sgPCSK9 at a total dose of 2.5 mg/kg (1/1, mRNA/sgRNA, wt/wt) (n = 4). After
7 and 9 days, serum and tissue were collected for PCSK9 knockout evaluation. b, The Indel percentage
at PCSK9 locus of liver tissue was verified and quantified by T7E1 assay and TIDE analysis (~60%,
Fig. 4J). Effective PCSK9 knockout induced ~100% PCSK9 protein reduction in both (c) liver tissue
(western blot) and (d) serum (ELISA), as well as increased (e) ratio of liver weight to body weight.
Experiment c was repeated three times independently with similar results. Data of d and e are presented
as mean±s.e.m. (n=4 biological independent animals). A two-tailed unpaired t-test was used to determine
the significance of the indicated comparisons (*P < 0.05; **P<0.01; ***P < 0.001; ****P<0.0001).
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Supplementary Tables

Supplementary Table 1. Details of DDAB, EPC, 14PA, 18BMP, DODAP, C12-200, 5A2-SC8, DSPC,
and DOCPe modified mDLNP formulations (SORT LNPs), including molar ratio and percentage of each
component, weight ratios of total lipids to mRNA, size, and PDI.
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Supplementary Table 2. All sgRNA sequences used in this research work are listed.

Supplementary Table 3. All primers used in this research work are listed, including the length of PCR
products and their purposes.
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